
Fourier transform interferometer alignment method

Kenneth A. Goldberg, Patrick Naulleau, and Jeffrey Bokor

A rapid and convenient method has been developed to facilitate the alignment of the image-plane
components of point-diffraction interferometers, including the phase-shifting point-diffraction inter-
ferometer. In real time, the Fourier transform of the detected image is used to calculate a pseudoimage
of the electric field in the image plane of the test optic where the critical alignment of various optical
components is performed. Reconstruction of the pseudoimage is similar to off-axis, Fourier transform
holography. Intermediate steps in the alignment procedure are described. Fine alignment is aided by
the introduction and optimization of a global-contrast parameter that is easily calculated from the
Fourier transform. Additional applications include the alignment of image-plane apertures in general
optical systems, the rapid identification of patterned image-plane alignment marks, and the probing of
important image-plane field properties. © 2002 Optical Society of America
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1. Introduction

Interferometers that generate a reference wave front
by means of diffraction from a small object or aperture
are called point-diffraction interferometers �PDI�.
These interferometers typically offer the advantages of
a common-path design and minimal coherence-length
requirements while obviating reference surfaces.
Many PDI configurations have been described,1–5 in-
cluding some that enable phase shifting.6,7 One re-
cently invented PDI, described by Medecki et al.8
incorporates a beam splitter that spatially separates
the test and reference beams in the image plane, en-
abling phase-shifting techniques to be introduced.
This interferometer, named the phase-shifting PDI
�PS�PDI�, has generated interest because of its dem-
onstrated capability for high accuracy optical system
testing9 and its suitability for the measurement of
diffraction-limited, short-wavelength optical systems
in which subangstrom rms accuracy is required.

In the PS�PDI two spherical-wave reference beams
are generated by pinhole diffraction in the object and
image planes of an optical system under test. The

The authors are with Center for X-Ray Optics, MS 2-400, Law-
rence Berkeley National Laboratory, Berkeley, California 94720.
J. Bokor is also with the Department of Electrical Engineering and
Computer Science, University of California, Berkeley, California
94720. K. Goldberg’s e-mail address is kagoldberg@lbl.gov.

Received 10 October 2001; revised manuscript received 8 April
2002.

0003-6935�02�224477-07$15.00�0
© 2002 Optical Society of America
design of the PS�PDI is shown in Fig. 1. A pinhole
located in the object plane spatially filters the illumi-
nation source to produce a spatially coherent illumi-
nating beam. A coarse, grating beam splitter placed
before the image plane, on either the object or the
image side of the test optic, generates multiple, fo-
cused coherent beams that are spatially separated in
the image plane. One beam containing the aberra-
tions of the optical system is allowed to pass through
a large window in an opaque membrane located in the
image plane; this becomes the test beam. A second
beam is brought to focus on a reference pinhole
smaller than the diffraction-limited resolution of the
test optic, where it is spatially filtered to become a
spherical reference beam that diffracts to overlap the
numerical aperture �NA� of measurement. The test
and reference beams propagate from the image plane
to a detector where their interference pattern is re-
corded. With or without reimaging optics, the detec-
tor is typically positioned to capture the full NA of the
test optic. A controllable phase shift between the test
and the reference beams is achieved by a simple lateral
translation of the grating beam splitter.

Using pinholes smaller than the diffraction-limited
resolution of the optical system is the key to the
reference-wave accuracy of the interferometer.
With its common-path design and limited number of
components, the PS�PDI is somewhat easy to imple-
ment and use; yet in practice, the process of aligning
the pinhole in the image plane can be very challeng-
ing.

The PS�PDI has been successfully used in the mea-
surement of multilayer-coated, all-reflective, extreme
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ultraviolet �EUV� optical systems that operate at a
13.4-nm wavelength10,11 and in which the wave-front
aberration tolerances are in the subnanometer re-
gime.12 Using reference pinholes on the order of
80-nm diameter, we have measured two- and four-
mirror optical systems with NAs of as high as 0.1 and
system wave-front aberration magnitudes on the or-
der of 0.5-nm rms and below. Two-pinhole null tests
have verified the high accuracy �0.004 waves, or
0.054-nm rms� that is attainable with the EUV PS�
PDI.13

The mask window is usually designed to be cen-
tered about the test-beam focus when the reference
beam is properly positioned on the reference pinhole.
The window width in the direction of beam separa-
tion should be less than the beam-separation dis-
tance to minimize the undesirable overlap of the
reference beam through the window. In the EUV
application, with a typical beam separation of 5 �m
�37 times ��NA�, the window widths are chosen to be
less than the beam-separation distance.

The noise-suppression advantages of even smaller
window sizes have been previously discussed.14 An
additional constraint may be imposed to achieve the
complete separation of the orders in the Fourier
domain of the recorded intensity image; here the win-
dow width must be limited to two thirds of the beam-
separation distance.

Considering the small pinholes used in the mea-
surement of high-resolution optical systems, align-
ment is the most challenging aspect of using the PS�
PDI. This challenge is compounded in short-
wavelength applications in which the interferometer
exists inside a vacuum chamber and may be incom-
patible with other optical alignment strategies. Al-
though the test beam is typically easy to align
through the large image-plane window, the reference
beam should be positioned onto the reference pinhole
to within a fraction of the focal-spot diameter. The
small size required of this pinhole attenuates the
transmitted �diffracted� reference beam and narrows
the capture range over which interference fringes are
visible. During fine alignment, the intensity of the

test beam remains fixed, and one can judge optimum
positioning by assessing the point of peak fringe con-
trast.

Until the reference pinhole is within the focus of
the reference beam, only subtle clues are available to
guide the alignment. This paper presents a conve-
nient, effective, and easily implemented alignment
method, called the Fourier-Transform Alignment
Method �FTAM�, based on the use of a real-time fast
Fourier Transform �FFT� performed on the projected
interference patterns recorded during alignment.
Since this method is only used to facilitate alignment,
it is unnecessary to seek high accuracy either in the
calculation or in the description presented here.
Emphasis is placed on qualitative description, and
several simplifications are made to illustrate the be-
havior of this method in some common configura-
tions.

As a further aid in the alignment of the PS�PDI,
during alignment the FTAM is used to read encoded
alignment marks and modifications to the window
shapes; thus unambiguous placement of the beam�s�
within an array of similar mask features is possible.15

2. Theory

This section describes the mathematical basis of the
FTAM. Several examples are cited to illustrate the
observable behavior of the system during alignment.

Owing to the detector’s position in the far field of
the image plane, the recorded images approximate
the intensity, or square modulus, of the Fourier
transform of the field transmitted through the PS�
PDI image-plane mask. This complex transmitted
field amplitude may be viewed as the product of the
incident field from the test optic and the transmission
function of the mask. With single-beam coherent
illumination, in the absence of the grating beam split-
ter, the incident field is the point-spread function of
the test optic. With the beam splitter installed, the
incident field contains a series of similar image
points. The transmission function of the mask is
defined by the pattern of opaque and transparent
regions and by the lateral position of the mask in the
image plane.

In a single exposure, the detector measures the
field intensity; phase information is temporarily lost.
The Autocorrelation Theorem can be applied to the
measured intensity to recover information about the
field transmitted through the image plane at the back
side of the mask. We label the complex transmitted
image-plane field amplitude as a���, where � is a
spatial coordinate vector in the image plane. In the
Fraunhofer approximation16 for the propagation of
light from the image plane to the detector, the mea-
sured intensity is related to the Fourier transform of
a��� evaluated at angular frequencies f � r��z, where
r is a spatial coordinate in the detector plane, z is the
distance to the detector plane, and � is the wave-
length. The detected field is �A�r��2, where A and a
form a Fourier-transform pair. When �A�r��2 is

Fig. 1. Schematic representation of the PS�PDI. Pinhole dif-
fraction in the object and the image planes produces spherical
reference waves. A grating beam splitter creates multiple copies
of the test beam, focused in the image plane. A mask containing
a window and a very small pinhole transmits one test beam and
spatially filters another to become the reference beam.
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known, the following relations in two dimensions
hold

��� A�r��2� � ��A�r� A*�r�� � a��� � a*����. (1)

� signifies the Fourier transform, � denotes the con-
volution operator, and superscript * indicates the
complex conjugate.

A. Alignment Procedure

The alignment procedure ends with the test beam
passing through the window and the reference beam
position optimized to pass through the reference pin-
hole with maximum intensity. There are several
ways the alignment can proceed. In our experience,
one successful method is to remove the grating beam
splitter so there is only one focused beam in the image
plane. Without much difficulty, this beam can be
positioned to pass through the mask window.

If the one beam is to become the reference beam,
either the mask or the beam position can be trans-
lated to optimize its position on the reference pinhole.
At this point, the introduction of the beam splitter
causes the test beam to pass through the center of the
window, and the reference beam is aligned on the
pinhole. Alternatively, if the first beam becomes the
test beam, then when the beam splitter is introduced,
fine alignment of the reference beam on the pinhole
may be required.

Necessary prealigning of the beam splitter may
include longitudinal position adjustment �to control
beam-separation distance� and rotation angle �to con-
trol the beam-separation direction�. The behavior of
the FTAM during the intermediate alignment steps
is described in the following sections.

B. Test Beam Alone

The field transmitted through the mask, a���, may be
described as the product of the incident field and the
mask transmission function, m���. The mask trans-
mission function m���, which describes the mask pat-
tern, includes the large window for the test beam and
one or more reference pinholes close to the window.
The incident field contains the focused beam, plus a
lower level of scattered light or flare. For demon-
stration, we may approximate the focused beam as a

delta function and the light near the focus as having
constant magnitude c of a smaller relative intensity.
A more-detailed model of the image-plane field would
accommodate the finite width of the focused beam
and a nonuniform flare intensity, decaying away from
the focus. These additional attributes could be con-
sidered during characterization of the performance of
the FTAM under various conditions, but they do not
enhance our understanding of how the FTAM works
and are thus neglected from this heuristic model.

We approximate a��� as

a��� � 	
��� � c�m�� � �0�, (2)

where �0 is the lateral displacement of the mask rel-
ative to an arbitrary coordinate origin. When the
test beam passes through the mask window unob-
structed, a��� becomes

a��� � 
��� � cm�� � �0�; (3)

otherwise, when the mask blocks the focused test
beam, a��� contains only cm�� � �0�. Applying the
approximation of Eq. �3� to Eq. �1�, we have

��� A�r��2� � 	
��� � cm�� � �0�� � 	
*����

� cm*��0 � ���

� 
��� � 	cm�� � �0� � cm*��0 � ���

� c2m��� � m*����. (4)

In this way, the Fourier transform of the measured
intensity is separable into three components: a nar-
row peak at the origin, the low-level mask transmis-
sion function and its polar-symmetric complex
conjugate folded about the point �0 and symmetric
about the origin, and the autocorrelation of the mask
transmission function, scaled by c2. With magni-
tude proportional to c2, the autocorrelation of m
forms a low-level background signal about the central
frequencies. The shape and extent of the autocorre-
lation of m depend on the shape of the window. In
all cases, the autocorrelation reaches a maximum at
the central frequency and decreases to zero at the
position that corresponds to the full width of the win-
dow in each direction.

Fig. 2. PS�PDI mask �a� contains a large window for the transmission of the test beam and at least one small pinhole �shown at
center�—black areas are transmissive, white are opaque. Features on the nominally square window aid in alignment. For several
different configurations, �b�–�g� are simulations of the logarithmically scaled Fourier transform of the detected intensity, shown on inverted
grayscale. �b� Test beam only, with the beam passing though the center of the window. �c�–�f � Intermediate steps in the alignment of
the PS�PDI with the test beam passing through the window and the reference beam being aligned to pass through the pinhole. Optimal
alignment is achieved �f � when the window is most clearly visible. �g� A single beam passes through the pinhole, with low-level, scattered
light passing through the window.
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The configuration for the PS�PDI mask transmis-
sion pattern shown in Fig. 2�a� is depicted in Fig. 2�b�.
The magnitude of the Fourier transform of the de-
tected intensity is shown with an inverted logarith-
mic scale �darker areas in the figure are actually
brighter�. Not included in Eq. �4� is the faint scat-
tered light transmitted through the small pinholes
and visible in Fig. 2�b�.

Because the beam size in the mask plane varies
with focus, the FTAM can also be used as a coarse test
of the longitudinal alignment of the interferometer.
When the mask is displaced from the image plane
and the apparent size of the focal spot increases, the
delta-function approximation of Eq. �3� must be re-
placed by a function having a finite width. In prac-
tice, this results in a noticeable blurring of the sharp
window-edge features in the Fourier transform of the
measured intensity. In the presence of moderate de-
focus, the longitudinal alignment can be adjusted
while the sharpness of these features is assessed and
optimized.

C. Test and Reference Beams

With a beam splitter used in the PS�PDI, the field
from the test optic consists of a pair or a series of
displaced copies of the point-spread function. The
description of a��� in Eqs. �2� and �3� can be modified
to include the other orders as follows. The spatial
beam-separation vector between adjacent orders is s.
The series of displaced test-beam copies have peak
amplitudes given by the coefficients �bj�. We may
write a��� as

a��� � ��
j

bj
�� � js� � c�m�� � �0�. (5)

If only one beam is transmitted through the mask
window and all other beams are blocked, then the
situation will be as in Eqs. �3� and �4�, yet with an
increased relative magnitude of c representing the
combined flare from multiple beams.

When the PS�PDI is properly aligned for inter-
ferometry, the test beam passes through the mask
window, and the reference beam is transmitted
through the reference pinhole located at the position
s from the origin. With the addition of the reference
beam, interference fringes become visible in the de-
tected intensity. This second beam in the image-
plane field causes the Fourier transform of the
detected intensity to take a different appearance.

Here, the reference beam in the image plane may
be approximated as an additional displaced delta
function of relative peak magnitude d. For example,
when normalized to the intensity of the test beam, d
may be equal to b1�b0. Spatial filtering by the ref-
erence pinhole reduces the reference beam magni-
tude to a new magnitude, d
, upon transmission.
Now the approximation for the transmitted field in
the image plane is

a��� � 	
��� � d
�� � s� � c�m�� � �0�

� 
��� � d

�� � s� � cm�� � �0�. (6)

The three terms in Eq. �6� show how the mask pat-
tern m�� � �0� transmits the incident field: the test
beam is allowed to pass through the window unat-
tenuated, 
���; the displaced reference beam is re-
duced by pinhole spatial filtering, d

�� � s�; and the
background illumination fills the window, cm�� � �0�.

Relative to Eq. �4� in the single-beam case, the
autocorrelation of a��� now contains several addi-
tional terms.

��� A�r��2� � 	
��� � d

�� � s� � d

*�s � ���

� 	cm�� � �0� � cm*��0 � �� � cd
m��

� �0 � s� � cd
m*��0 � s � ���

� c2m��� � m*����. (7)

There are now three narrow peaks in the Fourier
transform: one at the origin and two displaced by
the beam-separation vector�s� �s, representing the
reference beam and its complex conjugate. In addi-
tion to the two overlapped, polar-opposite mask pat-
terns at the origin, which were present in Eq. �5�,
m��� and m*���� now appear at s and �s, respec-
tively.

Several intermediate steps in the alignment are
shown in Figs. 2�c�–2�f �. As the beam or the mask is
translated laterally, the change in �0 shifts only the
positions of m and m* in the spatial-frequency do-
main. Observation of this shifting is the basis of the
FTAM. Observation of the motion of m and m* in
this way �i.e., in the Fourier transform of the detected
intensity� allows the interferometer’s operator to
steer the test beam into the proper position in the
mask window and the reference beam through the
small pinhole. Owing to the speed of modern com-
puters, this alignment can be performed with real-
time feedback.

Notice in Figs. 2�c�–2�f � that as the reference beam
is aligned to pass through the reference pinhole, the
appearance of the windows becomes more pro-
nounced. The visibility of the windows follows the
increasing fringe contrast in the detected interfer-
ence pattern from which the Fourier transform is
calculated. The window visibility thus serves as a
sensitive alignment indicator. An additional fine-
alignment merit function based on fringe contrast is
described in Section 4.

D. Reference Beam Alone

A final case for consideration is that of the isolated
reference beam. In practice, this configuration can
be used to judge the diffraction quality of a reference
pinhole, separate from the interferometric measure-
ment. It can also arise during alignment when the
single beam is placed on the pinhole prior to the
introduction of the beam splitter.

When the beam passes through the reference pin-
hole and only scattered light is transmitted through
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the adjacent mask window, the situation can be ap-
proximated as

a��� � 	d
��� � c�m�� � s�

� d

��� � cm�� � s�. (8)

By design, s is the distance between the reference
pinhole and the center of the mask window. In this
case, the detected intensity contains the broad pin-
hole diffraction pattern of the reference beam and
some high-frequency components of the reference
beam that pass through the window. The autocor-
relation of a��� contains only three terms: a delta
function at the zero-frequency position, two polar-
symmetric displaced copies of the mask transmission
function, and the low-level autocorrelation of the
mask.

��� A����2� � d
2
��� � 	d
cm�� � s�

� d
cm*�s � ��� � c2m��� � m*����.
(9)

This configuration, shown in Fig. 2�g�, presents a way
to investigate the quality of the reference beam since
its broad diffraction pattern should be visible on the
detector. As discussed in Section 3, it is also a good
way to study in situ the characteristics of the test-
beam window or the mask pattern. The single-beam
configuration described here is equivalent to off-axis,
Fourier-transform holography.17

E. Measured Real Distances in the Fourier Domain

The capacity of this technique to reveal the features
of the image-plane mask in the Fourier-domain anal-
ysis warrants a brief discussion of the relation be-
tween the spatial frequencies and the actual units of
measurement. We derive a simple relation by ana-
lytically examining the interference pattern gener-
ated by two spherical waves originating from
displaced point sources in the image plane.

When a given optical system with an NA NA is
considered, the cone of light subtending the full angu-
lar range intersects the detector over an area that is
nNA pixels in diameter, where the full diameter of the
detector contains nd��nNA� pixels �nd may be either
the full size of the detector array or an appropriate
subregion that is used in the Fourier-transform calcu-
lation�. In this two-wave interference example, a
point separation of ���2 NA� generates one wave of
path-length difference, or one fringe across the full
aperture of measurement �nNA pixels�. Therefore, a
smaller separation of �nNA�nd����2 NA� generates one
fringe across the nd pixels of measurement and would
appear in the Fourier domain as two symmetric delta-
function peaks separated by a distance of two cycles.
This result can be cast in a more convenient form. In
the Fourier transform, the scaling of the pseudoimage
is

�	�m�

4NA
nNA

nd
	�m�cycle�. (10)

To demonstrate the scaling described by Eq. �10�,
consider the EUV PS�PDI operating at a 13.4-nm
wavelength, measuring a test optic with NA 0.1. In
this system, the full angular range of the pupil typi-
cally subtends 60% of the available detector width:
the ratio nNA�nd equals 0.6. This scaling factor of 20
nm per cycle �or equivalently, 20 nm per pixel in the
FFT pseudoimage� indicates a Fourier-domain sepa-
ration of approximately 50 cycles per micrometer of
real-space distance. The image-plane-mask win-
dows, 3.0-�m wide, appear in the Fourier transform
as approximately 150 cycles across. Features as
small as two cycles wide, resolvable in the Fourier
transform, correspond to mask features of 40 nm in
length. In practice, however, the finite width of the
reference beam’s Fourier transform reduces this res-
olution slightly.

3. Experimental Demonstration

As a demonstration of the FTAM, several character-
istic images from the alignment of the EUV PS�PDI
are shown in Fig. 3. The images are details of the
central portion of the logarithmically scaled FFT
magnitude of the detected signal. In Figs. 3�a� and
3�b�, the optical system under test was a prototype
molybdenum-silicon, multilayer-coated Schwarzs-
child objective operating with NA 0.08 at a 13.4-nm
wavelength,10 and the stenciled characters are
pinhole-array row and column markers. Figures
3�c� and 3�d� are from the measurement of a four-
mirror EUV optical system with NA 0.1.18 Here, the
PS�PDI-mask window is a 3-�m-wide square with
binary row and column numbers encoded in the win-
dow border.15 These images were generated when
the system was in optimum alignment for interferom-
etry.

In practice, the subtraction of signal-offset or back-
ground values can improve the appearance of the
Fourier-transform image because spurious features

Fig. 3. Logarithmically scaled FFTs of experimental measure-
ments of alignment marks demonstrate how these marks are read
in situ. In �a� and �b�, the single beam passes through the sten-
ciled symbols in the image plane and is recorded in the far field by
a detector. The Fourier transform of the recorded images is
equivalent to the autocorrelation of the image-plane field and thus
reveals the row and the column markers with a polar-symmetric
reflected copy. The open areas are 1 �m wide. �c� and �d� Fou-
rier transforms of interferograms recorded during PS�PDI mea-
surement. A 3-bit binary code is patterned into the window edges
to indicate the row and the column numbers within an array of
similar marks. The windows are 3 �m wide; the alignment marks
protrude by 1�3 �m from the square.
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that appear as stripes in the central frequencies are
eliminated. For alignment purposes, where a low-
quality pseudoimage is acceptable, the presence of
these spurious features is little more than a distrac-
tion.

As shown in Fig. 3, the ability of the FTAM to
resolve fine features in the mask enables it to be used
to investigate the field at the image plane, to probe
other optical performance properties of a system un-
der test �e.g., flare19�, and to be used to identify pat-
terned mask features designed as alignment aids.15

Unambiguous stenciled alignment features are used
to help an interferometer operator to align the test
beam through known positions in an array of mask
features.

The frame rate for this alignment technique, used
in EUV interferometry, is determined by the expo-
sure time, the readout rate of the CCD camera, and
the scaling and display rate of the FFT image data.
Using a 256 � 256 pixel image size, an 800-kHz
readout rate, and a 0.1-s exposure time, we achieve
alignment frame rates greater than 1 Hz.

Discussion: Since the FTAM relies on the inten-
sity of the field in the halo surrounding the focused
beam, it is important to understand the method’s
limitations in the case of low photon flux or with
high-quality, low-flare optical systems. With the
simple model of the focused beam, in which the image
plane contains a delta-function peak surrounded by a
uniform halo of constant field amplitude, the signal-
to-noise �SN� requirements of the FTAM can be in-
vestigated. For this discussion, we assume that we
are shot noise limited and not affected by detector
saturation, or the detector’s limited dynamic range.

Assume that in a single exposure, the beam illu-
minates M detector elements �pixels� to an average
level of N photons per pixel within the measurement
domain. This implies an energy of NM photons in
the focused beam. Limited by shot noise, the mea-
surement uncertainty is N1�2 in each pixel. Corre-
spondingly, the uncertainty in the elements of the
discrete Fourier transform is �NM�1�2. �Here in the
convention employed for the forward Fourier trans-
form a leading coefficient of unit magnitude is used:
the dc, or zero-frequency, element of the Fourier
transform is the unscaled discrete sum of the original
function.�

The uniform halo has a known relative amplitude
c, which is much less than unity. To understand the
statistics of the image reconstruction, consider the
coherent interaction of a single, arbitrary point in the
halo with the central, focused peak. Light from
these two sources forms a fringe pattern with con-
trast c. The discrete Fourier transform of that de-
tected intensity pattern has a central peak of
magnitude NM and two side peaks of magnitude
1⁄2MNc. To be visible above the noise in the recon-
struction, with an SN ratio �SNR� greater than or
equal to one, requires 1⁄2NMc � �NM�1�2, hence,

NM � 4�c2. (11)

Inequality �11� shows that the total number of de-
tected photons required by the FTAM is inversely
proportional to the square of the relative field ampli-
tude in the halo or, equivalently, that the total num-
ber of detected photons is inversely proportional to
the relative power density in the halo. There are
many definitions of short-range flare; generally, the
halo’s relative power density is related to the flare by
the inclusion of the area over which the halo is con-
sidered.

With a 2562-element detector and a relative halo
power density of 10�8, the FTAM can be used with an
average 6100 or more detected photons per pixel; a
relative halo power density of 10�6 requires only 61
detected photons per pixel. A lithographic-quality
EUV imaging system may have a 0.1-�m-diameter
focal spot and a 4% flare in a 2-�m square surround-
ing the focus for a relative power density of approxi-
mately 10�4 in the halo. For such a system the
FTAM can be used with modest exposure levels.

4. Alignment by Global Image Contrast

When the PS�PDI is nearly aligned and the interfer-
ence of the test and reference beams is visible, fine
adjustment of the components can be performed to
optimize the appearance of the fringes across the
measurement domain. The merit function of pri-
mary interest is the interference fringe contrast.
Maximizing the fringe contrast directly improves the
SNR in the measurement20 and in most cases yields
the highest reference-wave quality.

The calculations required by the FTAM lend them-
selves to the definition of a rapidly calculable global-
fringe-contrast parameter, �, that can be used in
alignment. � may be defined as the ratio of the
power in the reference beam to the power of the test
beam, as determined from the Fourier transform of
the detected intensity. During alignment, it is not
essential to calculate � with accuracy or high preci-
sion; as long as a consistent method of calculation is
followed, the position of maximum contrast coincides
with the position of maximum �. For the calculation
speed to be increased, a subdomain of the interfero-
gram �such as a central portion, a narrow ribbon of
data, or even a single column through the center� may
be used in the global-contrast calculations.

The in situ optimization of the global contrast with
real-time feedback has become an important part in
the final alignment steps of the PS�PDI. Small vari-
ations in the fringe contrast that are visually imper-
ceptible to the operator are easily calculated and
conveyed by a computer image-processing program.

5. Conclusion

The FTAM method has proved an invaluable tool in
the rapid alignment of the EUV PS�PDI, and it may be
applicable to various circumstances in which the align-
ment of components in the image plane of a coherently
illuminated optical system is required. Using a rela-
tively fast microprocessor, the logarithmically scaled
magnitude of the FFT of the recorded intensity may be
displayed alongside of the raw image in near real time.
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This off-axis, Fourier transform holographic technique
provides a powerful and convenient mode of alignment
feedback for a system that is otherwise very challeng-
ing to align. In addition, this method provides a high-
resolution pseudoimage of the image-plane field and
optical components. Through off-axis, Fourier-
transform holography, the ability to encode and read
alignment marks in the pinhole mask further en-
hances the alignment technique and reduces poten-
tially laborious position determination tasks.

A global-fringe-contrast parameter calculated from
the Fourier-transform data may be used to judge the
optimum fine alignment of the PS�PDI or any inter-
ferometer in which the Fourier-transform methods of
single-interferogram analysis are applicable.

We note that it is conceptually possible to use a
priori or measured phase information to supplement
the recorded field intensity and further enhance this
alignment technique. If the phase of the field inci-
dent on the CCD is known, beyond the measured
intensity-only pattern, then the image-plane field can
be reconstructed unambiguously, without the pres-
ence of additional and unwanted polar-symmetric
pseudoimages. The incident-field magnitude is
readily derived from the square root of the recorded
intensity, and when a high-quality optic is under in-
vestigation, the field phase could be approximated as
uniform.

The authors are indebted to Edita Tejnil and the
late Hector Medecki for many interesting discussions
on this topic and for participation in the original ex-
perimental demonstration of the FTAM. We grate-
fully acknowledge the support of the EUV LLC, SRC
contract 96-LC-460, Defense Advanced Research
Project Agency Defense Advanced Lithography Pro-
gram, and the Office of Basic Energy Sciences, U.S.
Department of Energy under contract DE-AC03-
76SF00098.
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